Over the years, numerous synthetic approaches have been utilized in drug design to improve the pharmacological properties of naturally derived compounds and most importantly, minimize toxic effects associated with their transition to drugs. The reduction of complex bioderived compounds to simpler bioactive fragments has been identified as a viable strategy to develop lead compounds with improved activities and minimal toxicities. Although this 'reductive' strategy has been widely exemplified, underlying biological events remain unresolved, hence the unanswered question remains how does the fragmentation of a natural compound improve its bioactivity and reduce toxicities? Herein, using a combinatorial approach, we initialize a computational "proof-ofconcept" to expound the differential pharmacological and antagonistic activities of a natural compound, Anguinomycin D, and its synthetic fragment, SB640 towards Exportin Chromosome Region Maintenance 1 (CRM1). Interestingly, our findings revealed that in comparison with the parent compound, SB640 exhibited improved pharmacological attributes, while toxicities and off-target activities were relatively minimal. Moreover, we observed that the reduced size of SB640 allowed 'deep access' at the Nuclear Export Signals (NES) binding groove of CRM1, which favored optimal and proximal positioning towards crucial residues while the presence of the long polyketide tail in Anguinomycin D constrained its burial at the hydrophobic groove. Furthermore, with regards to their antagonistic functions, structural inactivation (rigidity) was more pronounced in CRM1 when bound by SB640 as compared to Anguinomycin D. These findings provide essential insights that portray synthetic fragmentation of natural compounds as a feasible approach towards the discovery of potential leads in disease treatment.
Introduction
Over many decades, significant advancements have been made in the area of drug discovery as evidenced by numerous therapeutic molecules employed to curtail diverse diseases as they evolve. However, the transition (synthesis and development) of viable drug candidates to therapeutic drugs have been faced with various challenges which include limited resources and stringent time constraints [1] . Although most of these compounds show considerable potencies and efficacies in vitro and in vivo, they reportedly elicit unfavourable and unwanted side effects such as poor bioavailability, insolubility and toxicity among many others, in clinical trials. These underlie the numerous setbacks that halt their progress along the stages of development and eventual usage in disease treatment [2] . In addition, disease resistance to available drugs has accounted for a major setback in the drug discovery process leading to a significant increase in disease prevalence and likewise, adverse drug reactions, which have accounted for harmful and unwanted side effects due to drug interactions with biological non-targets often leading to toxicities [3, 4] . The ability of bio-derived natural products (plants and microorganisms) to bind selectively and optimally to their target proteins highlight their uniqueness as the ideal starting point in the process of drug discovery [5] [6] [7] [8] . This is facilitated by their structural diversity and numerous beneficial therapeutic properties which have enhanced their selection as potential lead compounds for therapeutic use thereby unravelling a new era in drug design [9] [10] [11] . Nonetheless, some of these compounds, despite their therapeutic potencies, have been plagued with a major inability to adhere stringently to the drug likeness-criteria entailed in the Lipinski's "rule of five" and other related ADME (absorption, distribution, metabolism and excretion) properties, hence the limited transition to therapeutics [12] . Natural compounds exhibit limited chemical tractability, high structural complexity and instability, poor bioavailability, low solubility and high levels of toxicity, which have accounted for their disuse in disease treatment [13, 14] . Several approaches have been employed to maximize the therapeutic benefits of these compounds while at the same reducing their undesirable attributes. Among such is the recent use of nanoparticulate molecules in targeted therapy to enhance the delivery of active bioderived compounds to target site while minimizing or eliminating toxic and unwanted off-interactions with biological non-targets [15, 16] . Also, the emergence of multi-objective optimization (MOOP) methods has presented an avenue where multiple criteria are factored into the drug design process for the discovery of highly efficient drug molecules [17, 18] . As widely reported, MOOP enables the simultaneous integration of essential criteria such as potency, bio-availability and therapeutic efficacy, coupled with other desirable drug attributes, into the optimization of potential lead compounds. This is in contrast to conventional optimization techniques that carry out single and sequential optimization of potential hit compounds, resulting in a large consumption of time and resources [17, 18] . Due to the workability of this technique in the drug discovery process, it has been integrated into conventional structure-and ligand-based techniques to achieve derivations such as multi-target or multi-task Quantitative Structure Activity Relationships (QSARs) and MOOP QSARs, which have helped attain a global optimal solution via the simultaneous optimization of several dependent drug properties [19] [20] [21] [22] . Likewise, the integration of MOOP techniques into docking has also been reported towards enhancing optimal binding of drug molecule to biological targets [18] . Therefore, MOOP could represent a crucial follow-up approach to improve the therapeutic efficacy of novel hit compounds. On the other hand, molecular/structural reduction has emerged as an efficient strategy to modify natural compounds and improve bioavailability and solubility coupled with the elimination of probable toxic effects. This technique enables the synthesis of tailored bioactive fragments with reduced molecular weight and structural complexity when compared to the parent bioderived compound [14] . Moreover, while the number of synthetic steps is significantly reduced, resulting fragments retain drug activity or even exhibit improved bioactivity and selectivity [14, 23] . The biological significance of this synthetic method is that it allows for the removal of multi-functional groups that are redundant and not essential for binding interactions with target proteins but rather enhance off-target interactions with biological non-targets which engender toxic responses [14, [24] [25] [26] . In other words, the implementation of this concept may unveil a new route towards innovative drug discovery since not all chemical substituents present in bioderived compounds are required for bioactivity [27] [28] [29] . This implies that the presence of these nonessential groups could prevent optimal binding at the active site of target proteins, which could in turn pose an hindrance that suppresses the therapeutic activity or potency of such compound [7, 30] . This strategy, as extensively reviewed by Crane and Gademann has been widely employed in the discovery of diverse bio-active fragments derived from parent natural products, which retained desirable biological parameters, such as potency and selectivity, while at the same time exhibited minimal undesirable effects such as toxicity [31] . Accordingly, they coined the "reduce to maximum" concept while also showcasing diverse applications with examples, and their progress from early development to the clinical stages. Likewise, while numerous bioactive natural products and their synthetic fragments were exemplified, a plethora of corresponding pathogenic targets were also revealed such as DNA and proteins, which play crucial roles in the development of seemingly undruggable diseases such as cancer, HIV and tuberculosis, among several others [31] .
This presented an attractive prospect that can be leveraged by molecular investigative techniques such as the use of computational tools, to provide more insights into the feasibility and potency embedded in the process of reducing or fragmenting structurally complex natural products. The application of the "reduce to maximum" concept in the effective targeting of Chromosome Region Maintenance 1 (CRM1) protein (Fig. 1) , a key molecular machinery in cancer progression, presents a striking example, a case-study that necessitated further exploration through a computational "proof-ofconcept", as intended by this study. CRM1 is a major nuclear export receptor that mediates the nucleocytoplasmic trafficking of proteins with characteristic leucine-rich-classical nuclear export signals (NES) [32, 33] . CRM1 has been recently identified as a crucial transport machinery that is deregulated in malignant cells to engender the nuclear-export, deregulation and mislocalization of (proto-) oncoproteins; a pro-carcinogenic mechanism that accounts for resistance to targeted therapies and apoptotic evasion [32, 34, 35] . Consequently, the level of CRM1 expression has been identified as an important prognostic indicator in various cancers [32] . Specifically, elevated CRM1 levels has been associated with increase in tumor size, metastasis, histological grade and overall survival as well as poor clinical outcomes in several cancers [32, [35] [36] [37] [38] [39] .
Moreover, since CRM1-dependent transport affects cancer-related proteins that bear the canonical NES, the idea of antagonizing these pro-carcinogenic associations presents a promising strategy in cancer therapy. Over the years, this therapeutic strategy has been augmented with the discovery of potent natural compounds that selectively target CRM1 and block mediated export [24, 31, 32, 40] . These compounds include Leptomycin B (LMB) [41] , Anguinomycin [40, 42] and Ratjadone A [43, 44] , which have a common α,β-unsaturated δ-lactone ring (Fig. 2) , occupy the same space and exhibit similar binding modes at the NES hydrophobic pocket of CRM1 relative to inhibition as previously elucidated [31, 32] .
However, despite the potency exhibited by these compounds in various in vivo and in vitro studies, their post-clinical transition have been faced with several setbacks which majorly include toxicities. For instance, the development of LMB as an antitumor agent was discontinued due to severe dose-limiting toxicities, which included anorexia and malaise at a clinical phase 1 trial [31, 32, 45] . Moreover, the selective and inhibitory potential of the anguinomycin core present in Anguinomycin A facilitated the synthesis of Anguinomycin D (Ang-D) and its analogues for further investigations by Gademann and coworkers [31, 42, 46] . Surprisingly, a truncated analogue of Ang-D, SB640 was shown to exhibit an unexpectedly stronger inhibition towards CRM1 than its parent compounds and other synthetic analogues [31, 40] . As reported, its synthesis involved a significant reduction in the molecular size and weight of Ang-D (nearly 60%) while it still retained its CRM1-inhibitory activities coupled with improved bioavailability, solubility and reduced toxicity [24, 47] . Structurally, the presence of the long polyketide chain distinguishes Ang-D from SB640, which has its polyketide chain (tail) completely removed, majorly constituting the conjugate acceptor, α,β-unsaturated δ-lactone ring [40, 42] (Fig. 3) .
However, the efficiency of this 'reductive' approach in drug design with regards to enhanced bioactivity, improved pharmacokinetics and reduced toxicities presents an interesting avenue to utilize more investigative techniques [31] . Therefore, in this study, we employed an extensive computational paradigm that encompasses cheminformatics, thermodynamics and molecular modelling to investigate the pharmacokinetics and bioactivities of Ang-D relative to its synthetic analogue, SB640, coupled with their differential binding and interactions at the NES binding groove (NES-BG) of CRM1. This combinatorial approach was essential to understand the workability of the "reductive" technique with regards to the blockage of CRM1-mediated nuclear transport and minimization of undesirable toxic effects. This study therefore initialize a computational "proof-of-concept" to support the validity of the "reduce to maximum" concept towards the discovery of potential leads and next generation drug candidates in disease treatment.
Computational Methods

Systems Retrieval, Preparation and Molecular Dynamics (MD) Simulations
X-ray crystal structure of Anguinomycin A-bound CRM1 in association with GTP-binding nuclear protein Ran and Ran-specific GTPaseactivating protein 1, RanBP1, was retrieved from the Protein Data Bank with entry 4HAV [48] . The target protein structure (CRM1) was prepared using the Graphical User Interface (GUI) of UCSF Chimera [49] , a step that involves the removal of co-crystallized molecules, which included proteins (Ran-RanBP1), ions, crystal waters and Anguinomycin A, since the study is focused on the differential binding of Ang-D and its synthetic analogue, SB640. Also, missing residues at the terminal region of CRM1 were added using MODELLER, a structural remodelling tool [50] while further protein preparation was carried out using Molegro Molecular Viewer software. Having obtained the target protein, the 2D structure of Ang-D was retrieved from the PubChem database (ID: 101683888) while the 2D structure of SB640 was modelled using the MarvinSketch software [51] . Energy optimization was carried out on both 2D structures using Avogadro 1.2.0 software [52] . This incorporated a UFF forcefield [53] to optimize the molecular geometries of both compounds and a steepest descent algorithm for structural minimization. This was followed by molecular docking where the compounds were docked separately into the NES binding cleft of CRM1 with the aid of Autodock Vina [54] . It is important to mention that hydrophobic groove region to which both compounds were docked was defined according to the coordinates of co-crystallized Anguinomycin A prior to its removal during the protein preparation step. The best docked complexes were identified based on the highest negative binding energies and obtained using UCSF chimera [55] . These pre-MD simulation protocols have been reported in our previous studies [56, 57] . These systems, which include CRM1 in its unbound form and those separately bound by Ang-D and SB640 were subsequently setup for MD simulations using in-house protocols previously reported [57] [58] [59] . The Graphical Processor Unit (GPU) version of the Particle Mesh Ewald Molecular Dynamics (PMEMD) engine in AMBER14 suite was used to perform MD simulation coupled with integrated modules [60, 61] . Protein parameters were defined using the FF14SB forcefield while the integrated pdb4amber program was used to modify, rename and protonate (histidine) protein. In the same vein, parameterization of both compounds were done using the ANTECHAMBER module which was also used for the generation of atomic partial charges (Gasteiger -gaff) via the bcc charge scheme [62] . This was followed by the generation of topology and parameter files for the SB640/Ang-D complex systems using the LEAP module, which was also used to neutralize the systems by adding counter ions at a constant pH (cpH) and solvate in a 10 Å TIP3P water box. The systems were initially minimized partially for 2500 steps, using a 500 kcal/mol Å restraint potential followed by full minimization for 5000 steps with no energy restraints. The systems were then gradually heated for 50 ps from 0 to 300 k in an NVT canonical ensemble using a Langevin thermostat [63] and a harmonic restraint of 5 kcal/mol Å 2 . The systems were then equilibrated at 300 k for 1000 ps without energy restraints while the Berendsen barostat was used to maintain atmospheric pressure at 1 bar [64] . Ultimately, the MD production run was carried out for 200 ns while the SHAKE algorithm was used to constrict all atomic hydrogen bonds [65] . The integrated CPPTRAJ and PTRAJ modules [66] were used to analyze resulting trajectories and coordinates obtained at every 1 ps while data were plotted and analyzed using the Origin data analytical tool [67] . Likewise, 3D structural visualization and analyses were carried out on the GUI of UCSF Chimera.
Thermodynamics Calculations
This method was employed to investigate the differential binding of Ang-D and its analogue, SB640 to CRM1. This was essential to estimate the free binding energy involved in complex formation with respect to the binding, stability and affinity of the respective compounds. Moreover, binding free energy estimations were carried out using the Molecular Mechanics/Poisson-Boltzmann Surface Area (MM/PBSA) method, an analytical technique widely employed to calculate the interaction free energy of small therapeutic molecules with biological macromolecules such as proteins and DNA [68, 69] . The MM/PBSA estimation was preferred based on its efficiency and widely reported reliability to a high extent [70, 71] . Mathematically, binding free energy is depicted by the following equation;
From the above equation, E gas depicts the gas-phase energy while the internal energy is depicted as E int . Likewise, the coulomb and van der Waals energies are represented as E ele and E vdw respectively. In addition, G sol depicts the free energy of solvation while the polar solvation contribution is represented as G PB . On the other hand, G SA depicts the non-polar contribution which is estimated by the solvent accessible surface area (SASA) that is determined by using a water probe of radius 1.4 Å with a surface tension constant, γ of 0.0072 kcal/(mol·Å 2 ).
Cheminformatics Screening of Pharmacological Properties and Bioactivities
The pharmacological properties of SB640 as compared to its parent compound, Ang-D upon structural reduction was assessed by predicting their pharmacokinetic (ADMET) properties. Likewise, differential bioactivities of both compounds were evaluated by predicting targeted (on/ off-target) biological interactions using selected online and offline prediction tools as reported in previous studies [72] [73] [74] [75] . These include the Molsoft program (http://molsoft.com/mprop/), Molinspiration Cheminformatics [76] , ProTox webserver [77] , PASS (Prediction of Activity Spectra for Substances) online webserver [77] and the OSIRIS DataWarrior property explorer [78] . The use of multiple prediction tools was for validation and reproducibility of comparative analysis between the parent compound (Ang-D) and its synthetic chemical fragment (SB640). The Molsoft program was used to screen for their pharmacokinetic (ADMET) properties and evaluate their adherence to the Lipinski's rule of five, which entail parameters that are widely employed to predict the drug suitability or likeness of a chemical compound [79, 80] . Further validation of the estimated pharmacokinetic properties were done using DataWarrior property explorer [81] , which helped to predict additional as well as important metrics in drug design such as ligand efficiency (LE) [82, 83] , lipophilic ligand efficiency (LLE) and lipophilicity-correlated ligand efficiency (LELP) [82, 84] . Likewise, oral toxicities and LD50s of both Ang-D and SB640 were predicted using the ProTox webserver, which evaluates based on structural similarity and identifies over-represented fragments in toxic compounds [85, 86] . Hence, computational approaches for estimating oral toxicities of small compounds present a faster approach for determining doses that are toxic in animals. Furthermore, the PASS online webserver was employed to predict the biological activities of both compounds in order to estimate possible pharmacological effects (desirable and undesirable) with respect to adverse toxic reactions. This utilized the structure-activity relationships of both compounds coupled with their constituent chemical entities as the basis of prediction. Two probability scores were estimated as the threshold for determining the possibility of interactions with biological targets -Pa (probable activity) depicts the probability of drug activity while Pi (probable inactivity) indicates the probability of drug inactivity towards biological targets while probability scores range from 0.000 to 1.000 [73, [87] [88] [89] . In silico tools such as MarvinSketch and Avogadro 1.2.0 were used to prepare the .mol and .sdf files that were necessary for predictions. Using the Graphical User Interface (GUI) of these tools, the . mol2 format of both Ang-D and SB640 were respectively accessed and then re-saved in the .mol (MarvinSketch) and .sdf (Avogadro 1.2.0) formats, as required by the tools and servers employed for prediction in this study.
Results and Discussions
Differential Biological Activities, Toxicities and Pharmacokinetics Properties
As described in Section2.3 above, PASS online tool was used to predict the possible biological activities of both compounds and were classified into probable activities (Pa) and probable inactivities (Pi). The biological activity spectra for both compounds are presented in Table 1 and as shown, Ang-D exhibited a higher propensity for "off-target" interactions that could facilitate toxic or adverse drug reactions.
This possibility is supported by its predicted high Pa and low Pi values as compared to its fragment, SB640 which had relatively lower off-target activities. As estimated, the notable inhibitory activity of Ang-D towards DNA synthesis (Pa = 0.7, Pi = 0.01) as compared to SB640 (Pa = 0.4, Pi = 0.03) can account for adverse side effects associated with most DNA-synthesis inhibitors such as myelosuppression, leukopenia and gastrointestinal ailments among many others [90] . Likewise, as a probable active lactase inhibitor (Pa = 0.4, Pi = 0.06) as compared to SB640 (Pa = 0.3, Pi = 0.1), Ang-D showed the tendency to impede lactose metabolism, a condition clinically referred to as lactose intolerance. Although, both compounds have a Pa threshold b0.5, the difference in estimated probabilities (0.1) could indicate a more reduced possibility of SB640 interference with lactose metabolism, a prediction that can also be supported by the estimated Pi, which is relatively higher in SB640 as compared to Ang-D with higher tendency of inhibiting lactase activity. Taken together, we presume that SB640 has a lower tendency of inhibiting lactase (Pa) as well as a higher possibility of not interfering with lactose metabolism (Pi). In addition, Ang-D was predicted with a high Pa for cytotoxicity (Pa = 0.7, Pi = 0.01), an occurrence that could possibly affect and cause unwanted damages to normal cells, leading to dose-limiting acute or chronic toxicities [91, 92] . However, SB640 was predicted to be hepatotoxic, which allows for more structural modifications to eliminate its hepatotoxic attributes. Also, these results could be fundamental for further modification and optimization to achieve an optimal structure with improved bioactivity and minimal toxicities in the course of disease treatment. The viability of the structural reduction strategy with respect to improved bioactivities was further revealed by estimations of the physicochemical properties and drug likeness of both compounds using Molsoft (http://molsoft.com/mprop/) and validated by OSIRIS DataWarrior, Molinspiration Cheminformatics [76] and PASS. The results are presented in Table 2 . In addition to earlier results, the LD50 represent an important parameter to predict the differential toxicities of both compounds upon oral intake. Accordingly, the higher the LD50, the lower the toxicity while on the other hand, considerable toxicity correlates with low LD50 [77] . Moreover, the toxicity class and labelling was carried out on the ProTox webserver, which employs the global harmonized system for defining the toxicity class and labelling of chemicals [85] . As estimated, Ang-D exhibited an LD50 value of 1890 mg/kg indicative of a high oral toxicity and a possible biounavailability compared to its chemical fragment, SB640 which had a relatively low LD50 value of 884 mg/kg. Moreover, there is a correlation between the molecular weight (MW) of a drug molecule and its toxicity tendencies whereby high MW compounds tend to be toxic than those with low MW [93, 94] , indicative of a possibility that potentiates structural fragmentation as a means to achieve the design of hit compounds with less toxic tendencies. Taken together, high LD50 in Ang-D indicates high toxicity tendencies which correlates with its high MW while on the other hand, low MW SB640 had a considerably lower LD50 which could indicate minimal toxic effects upon oral intake. In other words, the structural reduction of Ang-D to a smaller fragment, SB640, considerably lowered oral toxicity tendencies, indicative of a synthetic approach that could enhance improvement in pharmacological properties with respect to oral intake and bioavailability. As widely reported, MW also represents an important criteria to ascertain the bioavailability of a chemical compound since a high MW affects its absorption and cellular uptake thereby reducing its potency on biological targets, possibly impeding its access and interaction within target active sites [12, 80] , hence the lower the MW the better [95] .
In other words, an increase in the MW of a therapeutic compound reduces its concentration at the intestinal epithelium surface thereby Ang-D while SB640 had an estimate of 292.8Å 3 . This implies that the modification of Ang-D into SB640 caused a significant reduction in molecular weight, size and volume, which could in turn enhance intestinal absorption and cellular uptake with respect to pharmacokinetic activity. This was in line with previous experimental studies which reported 60% reduction in size [24, 47] . The influence of a relatively high MW on Ang-D relative to bioactivity is further reflected by the number of rotatable bonds which is a good descriptor of molecular flexibility [97] . These are crucial indicators for the oral bioavailability of chemical compounds and their permeation across the bilayer membrane [97] [98] [99] . As explained by Veber et al., number of rotatable bonds increase with MW and in line with Lipinski RO5, a drug-like compound should have rotatable bond count ˂10 for absorption and bioavailability [97, [99] [100] [101] . As estimated, Ang-D has 14 rotatable bonds in violation to this rule while its synthetic fragment, SB640 has 4 rotatable bonds indicative of a higher tendency to be more orally bioavailable. In consonance, higher molecular flexibility (0.6) and complexity (0.8) were predicted for Ang-D as compared to the relatively lower values of 0.4 and 0.5 respectively predicted for SB640. The LogP value is a measure used to evaluate the hydrophilicity of chemical compounds and is defined as the logarithm of their partition coefficient between n-octanol and water (C octanol /C water ) [80] . Consequently, increasing LogP correlates with a decrease in aqueous solubility, which in turn reduces absorption. Moreover, compounds with values ranging between −0.4 and 5.6 have been described to exhibit the tendency of being well absorbed while values N5.6 and extremely lower than −0.4 are defined to possess low hydrophilicity, poor permeability and absorption [102] [103] [104] . The solubility properties of a chemical compound greatly determine its degree of absorption and distribution in the body. As estimated, Ang-D exhibited a considerably high LogP value of 8.0, a violation of the Lipinski's RO5 (LogP ˂5), unlike SB640, which was estimated to be 3.6. This imply that the chemical fragment, SB640, in addition to being bioactive, exhibits considerable solubility attribute and the tendency of being well absorbed in the body unlike the parent compound, Ang-D. Likewise, the LogS parameter was also used to estimate the aqueous solubility of both compounds. This attribute, in addition to membrane permeability, represent two major criteria that affect the oral bioavailability of a drug [105] . As widely reported, the acceptable threshold for aqueous solubility ranges from 0 to −6, as estimated for 95% of existing drugs [105] . LogS estimations revealed that Ang-D had a value of −7.7 mol/L while it was −3.9 mol/L for SB640. This indicates that SB640 exhibits better solubility properties than its parent compound, Ang-D, which exceeds the defined solubility threshold.
The topological polar surface area (TPSA) metrics sums the surface polar atoms mainly oxygen and nitrogen coupled with their attached hydrogen. This predicts the ability of chemical compounds to permeate cells, hence the lower the TPSA value the better [106] [107] [108] . This attribute depicts the molecular size and volume of a compound which underlie its physiological transport across the tightly-packed lipid bilayer membrane. Such include transport across the GIT and the blood-brain barrier (BBB) [109] . Hence, a high TPSA has been reported to impede the transport properties of drugs with overall effects on their biological activities [110, 111] . Although both compounds adhered to the defined PSA threshold of ≤140Å . These imply that SB640 possessed better physiological transport attributes than the parent compound, Ang-D. Hydrogen bonds also influence the solubility of therapeutic compounds since they must be broken to allow their permeation across the lipid bilayer membrane [112] [113] [114] . In other words, a high hydrogen bond number affects permeation by passive diffusion due to a reduction in partitioning from the aqueous phase into the lipid bilayer membrane. Hydrogen bonding is primarily associated with constituent oxygen and nitrogen groups and strongly correlates with TPSA which also reflects polarity and the capacity of hydrogen bonding [108, 112] . Taken together, hydrogen bonding constitute the number of hydrogen bond donors (HBD) and acceptors (HBA) in a molecule and have been used as important parameters to evaluate the druglikeness of a molecule. According to the Lipinski's RO5, a drug with HBD count of ≤5 and HBA of ≤10 is considered to be orally active [79, 80] . As estimated, both compounds (Ang-D and SB640) fit into these criteria even though Ang-D had higher hydrogen bond counts. Also, as predicted, both compounds were not mutagenic, tumorigenic or antireproductive, but Ang-D was predicted to be a high irritant.
Ligand efficiency (LE), lipophilic ligand efficiency (LLE) and lipophilicity-correlated ligand efficiency (LELP) were also used to evaluate the drug-likeness of both compounds. These parameters have been used efficiently for ligand optimization and also for the identification of ligands with enhanced binding affinities towards physiological targets [82, 84, 115] . For potential drug candidates, proposed acceptable values are given as: LE N~0.3 kcal/mol/heavy atom, LLE N~5 while optimal drug LELP value ranges between −10 and 10 [82] [83] [84] 115] . As shown in Table 2 , SB640 appeared to be a more efficient ligand with values that appropriately fit into the defined range of values for LE, LLE and LELP. However, the parent compound, Ang-D had LE and LLE values below the acceptable threshold while the estimated LELP was way above. Taken together, molecular modification of natural compounds, which involves reduction in their complex structural architecture could represent a feasible approach to improve physicochemical properties, enhance bioactivities and reduce toxicities, as reflected by the predicted pharmacological improvements demonstrated by SB640, a chemical fragment of bio-derived Ang-D.
Differential CRM1-Binding and NES-Binding Groove Interactions
To evaluate the mechanistic binding and activities of Ang-D and its chemical fragment, SB640 at the hydrophobic groove of CRM1, we measured their interaction energies using the MM/PBSA method. This was to obtain more quantitative insights into the antagonistic activities of these compounds with respect to blocking CRM1-mediated protein trafficking. Differential free binding energies for Ang-D-and SB640-bound systems are presented in Table 3 . As estimated, both compounds bind favorably to CRM1 as evidenced by negative ΔG values of −46.3 kcal/mol and − 14.8 kcal/mol for Ang-D and SB640 respectively. Presumably, these values could be correlated with previously reported IC50 values of 5nmolL −1 for Ang-D (partial inhibition) and 25nmolL
for SB640 (full inhibition) [31, 46] , indicative of the feasibility and reliability of the parameters employed for ΔG bind predictions with MM/ PBSA. Relatively, Ang-D exhibited more favorable binding than SB640, which could be due to a higher number of interactions elicited at the NES-BG of CRM1 as facilitated by its constituent polyketide side chain. Hence, the absence of the polyketide chain in SB640 could account for the estimated low ΔG bind unlike in Ang-D where the polyketide chain could possibly exist in interactions with 'non-target' NES-BG residues. More so, reduction in SB640 size could enhance its deep optimal positioning at the NES hydrophobic groove of CRM1, as evidenced by a high electrostatic energy (ΔE ele ) in comparison to Ang-D.
Per-residue Decomposition of Free Binding Energy
Crucial 'target' residues that play critical roles in the selective binding and stabilization of ligands at the NES-BG of CRM1 have been previously reported [31, 32] . Mechanistically, CRM1 antagonists, particularly those with the α,β-unsaturated δ-lactone ring, interact at the NES-BG via Michael addition with Cys539 while neighboring basic residues such as Arg543, Lys548 and Lys579 mediate the hydrolysis and opening of the lactone ring to enhance covalent bond formation [32] . Hence, with respect to the binding modes of Ang-D and its synthetic fragment, SB640, at the NES-BG, estimated ΔG bind values were decomposed into the energy contributions of individual 'interacting' residues using integrated MM/PBSA per-residue energy decomposition method in AMBER14. This was important to measure the energy contributions of crucial (and non-target) site residues to the stability of both compounds with regards to their distinctive inhibitory activities. The positioning of SB640 and Ang-D at the NES-BG are respectively shown in Fig. 4A&B , and as presented, the α,β-unsaturated δ-lactone ring of both compounds are oriented towards Cys539 favoring the formation of covalent bonds as earlier reported [32] . As shown, SB640, an α,β-unsaturated δ-lactone analog, exist in a proximal position to Cys539 and other neighboring basic residues such as Arg543 and Lys548, while at a distance from Lys579. Positional favorability of the lactone rings were further validated by the corresponding energy contributions of target and non-target residues at the NES-BG. From the decomposition plots presented in Fig. 4C&D , total energy contributions of Cys539 was notably higher towards SB640 (−1.41 kcal/mol) than Ang-D (−0.79 kcal/mol).
Likewise, this pattern was observed for other crucial residues, which include Arg543 (−1.21 kcal/mol) and Lys548 (−1.07 kcal/mol) excluding Lys579 which had relatively lower energy contributions of −0.42 kcal/mol.
On the other hand, Cys539, Arg543 and Lys548 had low energy contributions of −0.79 kcal/mol, −0.51 and − 0.63 kcal/mol respectively ΔE ele = electrostatic energy; ΔE vdW = van der Waals energy; ΔG bind = total binding free energy; ΔG sol = solvation free energy ΔG gas = gas phase free energy. towards Ang-D, while Lys579 had an energy contribution of −1.41 kcal/ mol, indicative of variations in ligand positioning and proximity. Hence, these estimations could suggest that the reduced size of SB640 enabled an optimal positioning that favored CRM1-catalyzed opening (not depicted) in contrast to the Ang-D with a long polyketide tail that could possibly restrict optimal binding and interactions with these crucial residues. However, high binding free energy contributions by these residues in comparison to other residues of the NES-BG could reflect their essential roles in the irreversible binding and stability of both compounds, which is in agreement with previous reports [32, 116] . The plots also reveal that the number of residues involved in the binding and stability of Ang-D are more than SB640, a possibility that could be due to 'non-essential' interactions elicited by the constituent polyketide chain as earlier mentioned, an occurrence that could affect the optimal binding of Ang-D with crucial residues. It is important to mention that these interactions could on the other hand account for higher ΔG, as earlier estimated. On the contrary, SB640 was able to maintain optimal interactions with target residues due to its reduced size. Prediction of optimal positioning among both compounds at the NES-BG was further supported by measuring the relative distances of their constituent lactone rings to the target residues since proximal distances could favor interaction mechanisms and bond formation. As shown in Fig. 4A , SB640 (lactone ring) was positioned closer to the crucial residues with shorter distances ranging from 2 Å to~5 Å. However, the distances of Ang-D (lactone ring) were relatively farther away, with estimations varying from 3 Å to 6 Å. Consequently, proximal distances exhibited by SB640 at the NES-BG of CRM1 can favor irreversible binding as evidenced by corresponding energy contributions earlier reported. 2D representations of both compounds are shown in Fig. 5B&D , which reveals the nature and types of interactions elicited at the NES-BG with crucial and other 'non-target' residues.
As observed, corresponding interactions with the polyketide tail of Ang-D basically include weak alkyl and p-alkyl interactions while the positioning of the lactone ring engendered hydrogen bond interactions (NH-O, CH-O) with Lys579. These interaction patterns were also observed in SB640, which had its α,β-unsaturated δ-lactone ring positioned optimally to interact with Cys539, Lys548 and Arg543 via conventional and non-conventional hydrogen bonds (NH-O, CH-O) (Fig. 5D) . Although the mechanisms of covalent bonding and lactone ring opening were not investigated in this study, the orientations of the lactone ring to Cys539 and proximal positioning with other neighboring basic residues could indicate these mechanistic interactions according to previous reports [32, 116] . However, these finding s pave way for the use of more quantitative methods such as QM or QM/MM to further describe these interaction mechanisms, most especially the mechanisms of lactone ring opening and hydrolysis coupled with irreversible bond formation. Furthermore, the per-residual interactions were represented more intuitively by decomposing the total ΔG bind values into contributions from the vdW and electrostatic interactions (Fig. 5A&C) . Results showed that electrostatic contributions of Cys539, Arg543, and Lys548 were more favorable towards the binding of SB640 than Ang-D, as evidenced by relatively high negative values of −2.28 kcal/mol, −3.33 kcal/mol, and − 1.74 kcal/mol respectively while Lys579 had ΔE ele contributions of −0.62 kcal/mol. On the other hand, electrostatic energy contributions of Cys539, Arg543, and Lys548 towards Ang-D include −0.20 kcal/mol, 0.391 kcal/mol and − 1.02 kcal/mol respectively while the proximity of its lactone ring towards Lys579 possibly accounts for a highly negative energy of −4.20 kcal/mol. This corroborates the differential ΔE ele values earlier estimated in Section3.2 above. These favorable ΔE ele interactions portrayed by SB640 could be as a result of its proximal positioning towards target crucial residues at the NES-BG of CRM1, as compared to Ang-D.
CRM1 Blockage by SB640/Ang-D and Distinctive Structural Implications
Having investigated the differential pharmacokinetic and binding properties of Ang-D and SB640, it was also necessary to study their consequential implications on CRM1 secondary structure. This was important to determine the degree of alterations induced in the target protein upon binding since the conformational architecture of a protein are essential for its biological roles, while on the other hand, considerable alterations (due to ligand binding or mutational occurrences), could correlate with its inactivation [56, 59, 117] . In this study, we distinctively investigated the corresponding effects of Ang-D and SB640 on CRM1 structural architecture with regards to the blockage of nucleocytoplasmic trafficking. This was used to identify which compound had the most pronounced perturbatory effect on CRM1 between Ang-D and its synthetic fragment, SB640. We measured these structural occurrences using widely employed parameters such as the C-α root mean square deviation (RMSD), root mean square fluctuation (RMSF) and C-α radius of gyration (RoG) and corresponding plots are presented in Fig. 6 .
C-α RMSD reflects deviations that occurred across protein backbone atoms while it is also used to determine whether the systems (unbound and bound) were structurally stable. Consequently, a high RMSD correlates with considerable atomistic deviations and structural instability while on the other hand, a reduced atomistic deviation portray a structurally stable protein. As observed in Fig. 6A , the studied systems attained convergence until distinct separations in motions were observed among the unbound and bound systems at~15 ns. Moreover, the unbound CRM1 exhibited high structural instability with corresponding average RMSD value of 1.6 Å while the bound systems (SB640/Ang-D) had lower RMSDs indicating that they are more structurally stable. In other words, the binding of these compounds stabilizes CRM1 structure and reduces atomistic deviation. Structurally, CRM1 possess high activity due to mediated nucleocytoplasmic transport, a biological attribute that favors its interaction with target proteins [32, 118, 119] . This could possibly explain the high degree of instability that characterize its secondary structure across the MD simulation period. Moreover, SB640 appeared to elicit more stabilizing effect on CRM1 structure as compared to Ang-D, and could indicate that molecular reduction potentiated the activity of SB640 over Ang-D. As estimated, average RMSD values for CRM1 when bound by SB640 is 0.85 Å while it was 1.00 Å for Ang-D-bound CRM1. The observed differences in RMSD values among the SB640-and Ang-D-bound CRM1 could suggest that both compounds SB640 exhibit similar/improved activity. In other words, CRM-1 blockage activity of Ang-D was retained or possibly improved upon molecular reduction to SB640. Results from RMSF and RoG estimations further supported these underlying presumptions as they revealed that structural flexibility and residual motions were considerably higher in the unbound system when compared to the systems bound by Ang-D/SB640, which exhibited reductions in residual fluctuations (Fig. 6B) . On the average, unbound CRM1 had a relatively high RMSF value of 2.36 Å while Ang-D and SB640 bound systems had lower RMSF values of 1.70 Å and 1.65 Å respectively. Likewise, distinct separation in motions of constituent residues occurred among the three systems as evaluated by RoG (Fig. 6C) Structural perturbations among unbound, Ang-D-and SB640 bound were also revealed in Fig. 7 to complement estimations earlier presented. Findings revealed that in addition to whole structural perturbations, distinct structural arrangements were observed at their respective NES-BGs. Moreover, while the NES-BG of CRM1 in its free form (unbound) appeared compacted, the bound CRM1 exhibited more alterations in their NES-BG, which of course is due to ligand binding and positioning which are essential for ligand access to crucial residues. This corroborates results that earlier indicated differential ligand positioning and orientation.
We proceeded to investigate structural occurrences at the NES-BG of CRM1 relative to the binding of both compounds. This was important to obtain insights into the alterations elicited at this region when selectively bound by Ang-D and SB640, since binding site architecture could play crucial roles in the mobility, positioning and accessibility of drug molecules towards target residues. Firstly, we comparatively examined the stability of both ligands at the NES-BG to obtain relevant clues into their distinct motions and dynamics at this region over the MD simulation period. The RMSD plot presented in Fig. 8A showed the movement of both compounds from their mean position.
As estimated, Ang-D has a mean RMSD value of 2.9 Å indicating that Ang-D exhibited higher instability at the NES-BG as compared to SB640 which showed a more stable motion with lower deviations of~0.5 Å (lower peak). Although relatively unstable, we could denote from the RMSD peaks that the Ang-D maintained a nearly constant motion from~60 ns across the simulation period with less changes in motion as compared with SB640 which showed variations in motions, correlative with the possibility of moving optimally until it attains a favorable orientation most suitable for high-affinity interaction with target residues. Presumably, the long polyketide tail of Ang-D could possibly lessen its movement at the NES-BG of CRM1. A closer look at the orientations and positioning of both ligands (Fig. 8B) at the NES-BG with respect to their movements showed that SB640 was more buried than Ang-D and existed in close proximity with target Cys539 and other neighboring basic residues (asides Lys579). To further support this presumption, we measured the distance between the lactone rings (C_O groups) of both compounds and observed a distance of 10.30 Å between the terminal oxygen atoms (Fig. 8B) . This basically depicted the distance at which SB640 was buried from the surface into the deep hydrophobic pocket as compared to Ang-640, which also oriented towards target residues. Also, this analysis corroborates per-residue decomposition analyses which earlier revealed a high total and electrostatic energy contributions by Lys579 towards Ang-D as opposed to SB640, which is buried deep in the pocket towards Cys539 and oriented away from Lys579. These disparate activities can be correlated with their sizes and could imply that reduction in the molecular size of SB640 favored its movement and optimal positioning at the NES-BG. Hence, we can suggest a possibility whereby SB640 could achieve CRM1 inhibition more quickly than Ang-D, a feat that is favored by its small size, indicative of improved activity.
We proceeded further to observe the architecture of the NES-BG with respect to the distinct binding of both Ang-D and its fragment, SB640. Hence we measured the stability of the NES-BG and motions of constituent residues using the RMSD and RoG parameters. As presented in Fig. 8C&6D , atomistic motions were higher at the NES-BG of CRM1 when bound by both Ang-D and SB640 in contrast to lower deviations and atomistic motions that characterize the NES-BG of unbound CRM1. In other words, the binding of these compounds induced considerable alterations at the NES-BG to achieve optimal positioning most suitable for their inhibitory activities. With regards to the NES-BG, unbound, Ang-D and SB640-bound CRM1 had mean RMSD values of 2.28 Å, 2.98 Å and 2.91 Å respectively while mean RoG values include 12.18 Å, 12.54 Å and 12.48 Å respectively. The improved activity of SB640 over its parent compound, Ang-D can also be predicted from these values.
Nonetheless, it is important to mention that while this study exemplified the computational "proof-of-concept" to provide relevant insights into the efficacy of structural reduction or fragmentation strategies in drug design, coupled with consequential implications on pharmacokinetics and inhibitory activities, more examples are needed to define the workability of this computational paradigm.
Conclusion
The "reduce to maximum concept" describes a synthetic approach to maximize the therapeutic properties of natural compounds while at the same time minimizing setbacks that have limited their transition into medicinal drugs, which include structural instability, molecular complexities, difficulty in synthetic approachability, limited chemical tractability, toxicities and adverse drug reactions. This concept majorly involves the derivation of simpler bioactive fragments with reduced synthetic steps, enhanced bioactivity and improved pharmacokinetic properties as compared to parent natural compounds. Although the efficacy of this drug design strategy has been widely reported, there is the avenue to obtain much needed insights into underlying structural, pharmacological and molecular events using other relevant investigative techniques. This necessitated the computational "proof-of-concept" initialized in this study, which incorporated cheminformatics, thermodynamics and molecular modelling techniques to investigate, as a case study, the pharmacokinetics and bioactivities of Ang-D relative to its synthetic analogue, SB640, coupled with their differential binding and antagonistic activities at the NES-BG of CRM1. Cheminformatics screening revealed that the structurally reduced compound, SB640, exhibited improved pharmacological activities and oral bioavailability with respect to Lipinski's R05 while toxicities and off-target activities were minimal when compared to the parent compound, Ang-D. MM/PBSA revealed both compounds were bound favorably to CRM1 even though Ang-D had a higher ΔG value when compared to its analog, SB640, which could be due to non-essential interactions elicited at the NES-BG by the long polyketide chain. However, our studies showed that the truncation of this tail in SB640 allowed optimal and proximal positioning of its lactone ring towards crucial residues at the NES-BG, which majorly included Cys539, Arg543 and Lys548 most favorable for irreversible binding and CRM1 inactivation. As observed, SB640 was deeply buried, most especially towards Cys539 and at a distance from Lys579. On the contrary, surface binding of Ang-D positioned its lactone ring close Lys579 and at considerable distances from Cys539, Arg543 and Lys548 respectively. Per-residue decomposition analyses revealed that residues in close proximity to the lactone ring of SB640 exhibited higher energy contributions when compared to Ang-D which maintained a relatively 'non-proximal' positioning possibly due to its long polyketide chain. Our findings could suggest that the reduced size of SB640 enabled an optimal positioning that favored CRM1-catalyzed opening in contrast to the Ang-D with a long polyketide tail that could possibly restrict optimal binding and interactions with these crucial residues. Molecular visualization revealed that while the polyketide tail of Ang-D elicited weak interactions towards non-target residues, the lactone ring engendered strong hydrogen bond interactions with target residues indicative of its essentiality.
Structural studies revealed that CRM1, in its unbound state, exhibited high structural instability which correlates with its role in protein nucleocytoplasmic trafficking while the binding of both compounds considerably lowered structural activity in CRM1. Comparatively, SB640 appeared to elicit more inhibitory effect on CRM1 as compared to Ang-D, and could indicate that molecular reduction potentiated its activity. In other words, CRM-1 blockage activity of Ang-D was retained or possibly improved upon molecular reduction to SB640. At the active site, Ang-D was highly unstable with a nearly constant motion while SB640 exhibited more stable motions at the NES-BG. Presumably, the reduced size of SB640 favored its movement towards crucial residues while Ang-D motion could relatively be limited due to the presence of the long polyketide tail. Likewise, we observed that the binding of both compounds induced flexibility at the NES-BG of CRM1 while atomistic motions were relatively lower in the absence of the antagonists. Consequently, induced alterations at this region is essential for ligand mobility so as to achieve orientations most suitable for their activities. It is important to mention that the use of additional 'followup' in silico techniques such virtual screening (VS), pharmacophore modelling (structure-or ligand-based PM), Quantitative Structure Activity Relationships (QSAR/3D-QSAR) coupled with in vitro analysis could further enhance the optimization of SB640 towards improved biological activity, selective targeting and minimal toxicities. VS could enhance the identification of a new series of low MW hit compounds while PM coupled with QSAR models could enhance selective targeting and specificity based on complementary interactions at the target site. Moreover, while these methods could facilitate single or sequential fragment optimization, the use of MOOP methods could prove a great deal to improve the therapeutic efficacy of SB640, taking into consideration multiple criteria to further achieve desirable pharmaceutical profiles. For instance, MOOP QSAR can be employed to model multiple pharmacokinetic and pharmacological properties onto a single QSAR equation to improve the bioactivity of structural fragments, enhance potency and minimize toxicity. Likewise, the application of MOOP techniques to docking could help optimize selective targeting coupled with ligand binding interactions and affinity at the protein target site based on complementarity. Therefore, findings in this study, provide a computational "proof-of-concept" that outlines a feasible paradigm to investigate the molecular reduction of natural products into bioactive fragments towards the discovery of potential leads and next generation drug candidates in disease treatment.
